An open reading frame, designated AR1, on DNA component A of tomato golden mosaic virus has been identified as the virus coat protein gene on the basis of the molecular weight and amino acid composition of the virus capsid polypeptide, the mass spectra and N-terminal sequences of peptides produced by cyanogen bromide cleavage of the capsid polypeptide and by the binding of antibodies, induced by immunization of a rabbit with a fl-galactosidase-AR1 fusion protein, to the capsid polypeptide in a Western blot.
by comparison to the mobility of cytochrome c. Ferguson plots of log10 R F against gel concentration for each protein gave straight lines which intersected at the same point when extrapolated to zero gel concentration, indicating that all the proteins, including the TGMV capsid polypeptide, migrated in a standard manner (Ferguson, 1964) . The gradient of the Ferguson plots, called the retardation coefficient (KR), is a function of the protein size (Rodbard & Chrambach, 1970) . Plots of KR against log10 Mr of the protein standards gave straight lines from which the Mr of the capsid polypeptide was found to be 28500. A value of 27900 was reported previously from a determination in a 10~ polyacrylamide gel (Hamilton et al., 1981) .
The experimentally determined Mr is similar to the Mr of proteins which might be encoded by ORF AR1 (28651) or BR1 (29341) but not to the putative products of other TGMV ORFs. For isolation of the TGMV coat protein, purified virus was adjusted to 1 ~ in SDS and extracted at room temperature with an equal volume of phenol saturated with CE buffer (0.01 M-trisodium citrate, 1 mM-disodium EDTA, adjusted to pH 7.0 with NaOH). The phenol layer was re-extracted three times with 0.1 vol. of CE buffer, diluted with 5 to 10 vol. of ice-cold methanol and stored overnight at -20 °C. The protein precipitate was collected by centrifugation in a microfuge for 5 rain, washed three times with ice-cold methanol, vacuumdried and stored at -20 °C. Samples were hydrolysed for 24 h, 48 h and 72 h at 110 °C with 6 M-HC1 containing 0.1 ~ phenol and an internal n-leucine standard, and amino acid analyses were carried out in a Beckman 12 LMB amino acid analyser. Cysteine was determined after oxidation with performic acid (Hirs, 1967) and tryptophan was determined by the method of Goodwin & Morton (1946) . The amino acid composition of the TGMV coat protein fits well with that predicted for ORF AR1, but is clearly distinguished from that of BR1 protein by the amount of phenylalanine, proline, serine and tryptophan (Table 1) To obtain data on the amino acid sequence, coat protein was dissolved in 70~o formic acid, cyanogen bromide was added (70-fold molar excess over the protein) and the solution was stored for 24 h at room temperature. After addition of water (1 ml) the solution was lyophilized and the process was then repeated. Examination of the digestion products by SDS-PAGE in 15~o polyacrylamide gels containing 6 M-urea (Shapiro et al., 1967) , alongside protein standards (ovalbumin, 45K; ~-chymotrypsinogen, 26K;/~-lactoglobulin, 18K; lysozyme, 14K ; cytochrome c 12K; bovine trypsin inhibitor, 6K; insulin A and B chains, 3K), followed by staining with Coomassie Brilliant Blue R250, revealed two peptides with apparent Mr of 9000 and 5000 ( Fig.  1 ). CNBr cleaves proteins on the carboxyl side of methionine residues, converting them to homoserine. The sequence of the AR 1 protein (Hamilton et al., 1984) predicts the formation of nine CNBr cleavage peptides containing 73, 41, 32, 29, 25, 14, 14, 10 and 8 amino acids. The two largest of these have estimated Mr values very similar to those observed for the two peptides seen after gel electrophoresis of the CNBr-digested coat protein. The smaller of the predicted peptides were probably produced in too small a quantity to detect and may also have been beyond the resolving power of the gel system used or even lost from the gel on fixatior~. Failure to detect VPg (a 22 amino acid protein attached to the 5' end of the poliovirus RNA) as the free protein in extracts of infected cells has been attributed to leaching from polyacrylamide gels during fixation (Crawford & Baltimore, 1983) .
To detect smaller peptides, the products of CNBr digestion of 100 ~tg of coat protein were separated by HPLC (Waters Instruments) using a ~t-bondapak C18 semi-preparative column (0.78 x 30 cm) with a gradient elution of 5Yo to 45Yo n-propanol in 5~o acetic acid. Fractions were monitored by their absorbance values at 280 nm and 254 nm. Selected peptides, designated A, B and C, were examined by fast atom bombardment mass spectrometry (Morris et al., 1981) using a VG ZAB HF mass spectrometer, and their N-terminal amino acid sequences were determined by Edman degradation (Edman & Berg, 1967 ) using a 'Gas Phase Sequencer' (Imperial College, Biochemistry Department home-made model) (Hewick et al., 1981) .
XhoI 1880 bp Peptide A had an abundant signal at m/z 909 in its mass spectrum, corresponding to DFGQVFNHomoS lactone, the smallest of the CNBr peptides predicted from the AR1 sequence. Its identity was confirmed by determination of its N-terminal sequence as DFGQVFN. Peptide B gave a strong signal at m/z 1761. This is 16 atomic mass units higher than expected for FWLVRDRRPYGTPHomoS lactone, one of the 14 amino acid CNBr peptides predicted from the AR1 protein sequence, suggesting that the tryptophan residue may have become oxidized or that a hydroxyamino acid, such as hydroxyproline, is present. The identity of peptide B was confirmed by determination of its N-terminal amino acid sequence as FWLVRD. Peptide C gave a strong signal at m/z 1237 which is 16 atomic mass units higher than expected for PKRDAPWRLHomoS, the predicted N-terminal peptide of the AR1 protein, again suggesting oxidation of a tryptophan residue or the presence of, for example, a hydroxyproline residue. The masses and N-terminal amino acid sequences of peptides A and B provide unequivocal evidence that ORF AR1 is the coat protein gene. Although an insufficient quantity of peptide C was obtained for amino acid sequencing, its mass provides sound evidence that synthesis of the coat protein initiates with the first methionine of ORF AR1, rather than with the methionine at residue number 11. Attempts to determine the N-terminal amino acid of the intact protein by dansylation (Narita et al., 1975) were unsuccessful, suggesting that the N terminus may be blocked.
Further evidence was obtained using antiserum raised against a fl-galactosidase (fl-gal)-AR1 fusion protein. An AR1 fusion protein vector was constructed by ligating the 1880 bp XhoIHindlII fragment of pBH404 (TGMV DNA A cloned into the EcoRI site of pAT153 ; Bisaro et al., 1982) (Fig. 2a) between the SalI and HindlII sites of pUR292 (Ruther & Mfiller-Hill, 1983) . The resultant recombinant plasmid (pURAR1) contained the C-terminal 222 codons of ORF AR1 (equivalent to an Mr of 25900) linked to the lacZ moiety of pUR292 (Fig. 2b) . To verify the construct, the 1900 bp EcoRI-SalI fragment of pURAR1 (Fig. 2b) was ligated between the EcoRI and SalI sites of M13mpl9 (Norrander et al., 1983) and the resultant subclone (mp 19AR 1) was sequenced (Sanger et al., 1977) . The sequence spanning the junction between the lacZ gene and ORF AR1 is shown in Fig. 2(c) and confirms the in-frame translational fusion. Fig. 4 . Detection of TGMV capsid polypeptide by Western blotting. Purified TGMV virions were disrupted by heating in 1 ~ SDS and 1 ~ 2-mercaptoethanol at 100 °C for 3 min and then separated by SDS-PAGE in a 15~ polyacrylamide gel, followed by blotting onto nitrocellulose. Lanes I to 3, TGMV capsid polypeptide. Lane 1 was stained with amido black. Lane 2 was probed with antiserum to the/3-gal-AR1 fusion protein. Escherichia coli TG2 cells, transformed with pURAR1, were grown in liquid medium (1.6~ bactotryptone, 1 ~o yeast extract, 0.5~ NaC1, 100 ~tg/ml ampicillin) with shaking to an Ass0 of 0.2 and then isopropylthio-fl-galactoside (IPTG) was added to a final concentration of 500 ~t~ to induce the expression of the fusion protein. Aliquots were taken at 30 min intervals and analysed by S D S -P A G E in a 7.5~ polyacrylamide gel.
The fl-gal-AR1 fusion protein and fl-gal were first detected 60 min after induction and their concentrations reached a peak after 120 min. The ceils were harvested by centrifugation 180 min after induction, washed and resuspended in TM buffer (20 mM-Tris-HC1 pH 7.4, 10 mta-MgC12) and disrupted by sonication. The cell lysate was centrifuged (40000 g, 60 min) and the supernatant and pellet fractions were analysed by SDS-PAGE. The majority of the fl-gal-AR1 fusion protein was found in the insoluble fraction (Fig. 3) .
Short communication
The fusion protein was isolated by electro-elution from a preparative SDS-polyacrylamide gel in which the protein bands were located by precipitation of unbound SDS with sodium acetate (Higgins & Dahmus, 1979) , precipitated with ethanol and resuspended in sterile distilled water. An antiserum was prepared by sub-dermal injection of a rabbit with 50 lag of protein emulsified with Freund's complete adjuvant, followed by further injections, each of 50 lag of protein emulsified with 50 lag of Freund's incomplete adjuvant, 14, 29, 49 and 91 days later. An antiserum prepared from blood taken 105 days after the first injection was pre-absorbed with IPTG-induced E. coli TG2 (pUR292) proteins to remove antibodies to /~-gal and any contaminating bacterial proteins. TGMV capsid polypeptide was subjected to SDS-PAGE in three lanes of a 15 ~ polyacrylamide gel alongside marker proteins and then immobilized on nitrocellulose by Western blotting (Towbin et al., 1979) . The nitrocellulose sheet from the blot was cut into three portions: one portion was stained with amido black, the second was probed with an antiserum prepared to TGMV virions (Stein et al., 1983) and the third was probed with the AR1 fusion protein antiserum. Detection of bound antibodies with a Protein A-peroxidase conjugate by probing with the antisera, followed by incubation with 4-chloro-l-naphthol and hydrogen peroxide, were carried out as described by Sherwood (1987) . The TGMV capsid polypeptide was detected clearly with both the virion antiserum and the AR1 fusion protein antiserum (Fig. 4) . A serum sample obtained from the same rabbit 42 days after the first injection with the fusion protein failed to detect the capsid polypeptide. Hence the antibodies reacting with the capsid polypeptide were induced by multiple injections of the rabbit with the AR1 fusion protein. This confirms that ORF AR1 is the coat protein gene.
Mass spectrometry and N-terminal amino acid analysis of CNBr peptides and immunological detection with fusion protein antisera have not been used previously to identify the coat protein of a geminivirus. They present alternatives to the method of hybrid-arrested translation of coat protein mRNA by clones of specific regions of the viral genome which was employed to map the coat protein genes of two other geminiviruses, African cassava mosaic virus (synonym: cassava latent virus) (Townsend et al., 1985) and maize streak virus (Morris-Krsinich et al., 1985) . In particular, peptide sequence analysis is probably the fastest and most unequivocal of the methods available for coat protein gene mapping.
The geminivirus coat protein genes which have been identified so far, either directly or by sequence homology with the coat protein genes of other geminiviruses, all map downstream, in the virion DNA sense, of an intergenic region containing the invariant sequence TAATATTAC (reviewed by Lazarowitz, 1987) . The position of the coat protein gene therefore appears to be characteristic of geminivirus genome organization. Some geminiviruses have an additional short ORF in the virion DNA sense, not found in TGMV, which starts upstream of the coat protein gene, but overlaps its N-terminal portion in a different reading frame (Lazarowitz, 1987) . The significance of these short ORFs and their effect on the expression of the coat protein gene remain to be determined.
